Elemental bismuth nanoparticles and nanotubes were obtained via microwave hydrothermal synthesis starting from bismuth oxide (Bi2O3) in the range of temperatures 200  220 °C for 10 -45 min. The formed nanostructures were studied by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The relationship between reaction parameters and shape of the formed nanostructures is discussed. Molecular mechanics (MM+), semiempiric (PM6) and density functional theory (DFT) B3LYP methods are applied for additional characterization of bismuth nanotubes.
Introduction
Metallic bismuth is an important element, having a lot of distinct industrial applications as a component of low-melting alloys, catalysts, for production of polonium in nuclear reactors and tetrafluorhydrazine, among others [1, 2] . High-purity metal is used, in particular, for measuring super-strong magnetic fields. Bismuth in nanostructurized forms has been mentioned in some recent monographs [3 -7] , reviews [8 -10] , patents [11, 12] , and a lot of experimental articles. Bismuth nanoparticles [13] , nanopowders, nanowires, nanofilms and other nanostructurized forms including nanotubes [14 -22] have been produced by a host of methods; some representative examples are shown in Table 1 . Examined techniques for obtaining its nanoforms include chemical reduction of bismuth salts, electrochemical deposition, laser ablation, ultrasonic and microwave treatment, electron-and ion-beam methods, among other methods. As a result of reactions from the same precursors, bismuth can be obtained in various forms depending on reaction conditions, which may influence considerably on the form and / or particle size in the resulting phase. Metallic bulk bismuth, its salts or complexes usually serve as precursors in these reactions.
Among the methods above and a series of other techniques [23] , applied for preparation of bismuth nanoforms, microwave heating (MW) has been also used to obtain bismuth nanostructures. Thus, microwave treatment (Table 1) of bulk bismuth in air in a domestic MWoven (power 800 W and frequency 2.45 GHz) led to formation of bismuth nanoparticles (60 -70 nm) with Bi2O3 impurities, in a difference of a similar treatment in vacuum, when Bi nanotubes formed for 5 -15 min. The optimal MW-heating process time was 60 min; the process was found to be highly reproducible and easy. Molten bismuth
In the anodic aluminium oxide template using a hydraulic pressure method
The Bi nanowires, whose majority were single crystalline [25, 26] Sodium bismuthate
In situ electron-beam irradiation in a TEM Nanoparticles (6 nm) with a rhombohedral structure [27] Reduction Bi nanoparticles with or without Bi2O3 impurities (depending on synthesis conditions) [42 -44] In this report, we present nanostructures of bismuth, observed as a result of synthesis in the conditions of microwave hydrothermal procedure, and calculation results for their different forms.
Computational methods applied 16 structures were optimized using the following computational methods: molecular mechanics (MM+), semiempiric (PM6) and Density Functional Theory DFT (B3LYP), implemented in the programs Hyperchem 8.0.4 and Gaussian 09. All structures were characterized calculating their vibration modes. The results were visualized in the program Chemcraft v1.6. In this work, the geometries for bismuth nanotubes with both open and closed extremes were optimized. In both cases, the Hamada index m was used; it corresponds to armchair ( n m  ) and zigzag ( 0  m ) configurations of Bi nanotubes, varying the n value in the range of 3 -6. The tubular structures with open extremes were initially constructed on the basis of carbon atoms using the program VMD 1.8.7 (University of IIlinois). Then the program Chemcraft was applied to change them to bismuth atoms. The geometry was optimized using the molecular mechanics method MM+ using the program HyperChem v8.0. To generate closed tubes (knowing that bismuth atoms prefer to form tri-coordinated structures [45] ), bismuth atoms were manually added step-by-step, optimizing every time by molecular mechanics method (MM+), in order to form the pentagons in the extremes (the presence of pentagons generate curvature defects in the nanostructures) up to closing the structure.
A major precision optimization was carried out using the semiempiric method PM6, implemented in the program Gaussian 09. Also, the molecular dynamic calculations were made with 2,000 steps with 1 ps each one at ambient temperature (298.15 °K) in the same method. For the optimized structures, where imaginary vibrational modes were not found, the calculations were refined at a higher level using the method B3LYP in combination with a series of bases def2-SVP.
Experimental
The reactions were carried out in a teflon autoclave (equipment MARS-5), using dibismuth trioxide as a precursor and ethyleneglycol (EG) as a reductant. Due to the necessity to exceed boiling point of EG (187 °C) and security limits of the equipment, the syntheses were made in the range 200 -220 °C, reaching pressure close to 300 psi. The reaction times were 10, 15, 30 and 45 min. The formed nanostructures were studied by scanning electron microscopy (SEM, equipment Hitachi S-5500) and transmission electron microscopy (TEM, equipment JEOL 2010-F), both at University of Texas at San Antonio, as well as in a high-resolution HRTEM Hitachi H-9500 (high voltage 300 kV), with image recording using CCD camera (4k × 2.6k) (University of Texas at Arlington). The samples were prepared by ultrasonic dispersing of formed products and further application of suspension onto a lacey grid (Lacey formvar / carbon, 300 mesh, Copper approx. grid hole size: 63µm), purchased in Ted Pella, Inc.
Reproducibility of experiments was good and yields of bulk products corresponded to the range 85 -93 %. The obtained images were analyzed with use of the Gatan program [46] .
Results and discussion

Theoretic calculations
The size of bismuth nanotubes was selected as major of 144 atoms. zigzag-and armchairtype nanotubes with closed or open tube extremes were discussed (Table 2) . A structure with major symmetry was tried to be constructed in each case. We propose that the diameter of bismuth nanotube in function of Hamada indexes is given by the equation (1),
in which the value of unitary vector for a sheet of bismuth hexagons is 23 . 5  a Å. This equation considers that the nanotubes are formed by regular hexagons. However, after relaxing this structure, the change of bond angles and lengths generates slightly major diameters. A comparison of expected diameters according to the equation (1) is shown in Figure 1 . It is seen that, for the armchair-type nanotubes, this difference increases conformably with increase of the Hamada index. In case of zigzag-type nanotubes, the difference is expressed more clearly for diameters of open nanotubes. As it was mentioned above, Bi atoms were added to form pentagons in the tube extremes and the molecular mechanics were used to be able to close manually the nanotubes. However, optimizing the geometry of the open nanotubes with PM6 program, the tendency to close the extremes in these structures is observed in all cases. For nanotubes with diameters less than 10 nm, this is reached forming squares in the extremes (Table 3) , but for higher-diameter structures, structure relaxation is insufficient for closure the extremes. So, it is expected that these structures are less stable in comparison with those closed manually. Even, relaxing the open (5, 0) and open (4, 0) structures, the atoms in the tube wall displace to the interior zone and to the extremes, loosing tubular form (Table 2) .
It is known in computational chemistry, that the stability of a molecule is only relative in comparison with another molecule with equal type and number of atoms and this is associated with potential energy surfaces in the structures. So, in order to compare nanotube energies, the nanotubes with equal number of atoms were constructed for the cases of the open (6, 6) and closed (6, 6) tubes. Both model tubes are formed of 144 atoms. Their energy difference of 132.924 kcal / mol was obtained, taking in account the closed structure (6, 6) (0 kcal / mol). These energies were calculated for the same stationary point (potential energy surface), using the DFT method (B3LYP / SBKJC VDZ ECP) resulting more precise results. A similar analysis was carried out for the open tubes, formed of 60 atoms ((3, 0) and (3, 3) , zigzag and armchair, respectively). For this comparison, the less-energy structures are of a zigzag type, which are taken as a reference to obtain E  (see Table 4 ). Calculations of vibration modes suggest difficulties to be stable structures for those with more than one vibration imaginary frequency. For bismuth nanotubes, using these calculations, two negative frequencies for the open (4, 4) nanotube, four negative frequencies for the open (5, 5) nanotube, and four frequencies for the (6, 6) open nanotube were obtained.
Another analysis by calculations of molecular dynamics was carried out, allowing evaluate the stability of bismuth nanotubes. On the basis of obtained results, it was considered to realize calculations for closed nanotubes, since no any of these nanostructures has been collapsed during the optimization of its geometry and no any this structure possesses imaginary frequencies. These calculations were carried out also by the PM6 method, paying attention to the interaction between atoms per a determined period of time (2000 ps) at 298.15 °K. Table 5 shows images of bismuth nanotubes before and after the molecular dynamics simulation for closed nanotubes. It can be observed that these structures are not collapsed; their changes are minimal. The structures (3, 0) and (5, 5) seem open in their extremes; however, the interatomic distance is considerably shorter the van der Waals radii.
Discussion of the experimental results
At < 10 min reaction time and heating at 200 o C, it was observed that the bismuth oxide was precipitated in the autoclave having yellow color, so necessary reduction conditions were not reached. For other samples at higher heating times, the color change from yellow to metallic was detected. The samples, heated for 15 min at 200 °C, were analyzed by highresolution TEM, where 5 nm nanoparticles are seen (Figure 4a) . Figure 4b shows a nanostructure having 5 nm diameter and length of 58 nm, constituted of various aligned more thin structures. It can be affirmed that these nanoparticles grow accordingly to the bottom-up type: the nucleation process takes place, in which, meanwhile the reduction of bismuth oxide occurs, the bismuth atoms are being added to the particle constructing different nanoforms. Figure 5 shows other aligned structures (nanowires and nanotubes). For the observed nanotubes, their diameter (0.7 -1.0 nm) was determined applying a Gatan analysis. The most interesting results, in our point of view, were observed in case of 15 min heating at 220 °C: the formation of blocks, consisting of 12 nanotubes with 0.78 -1.08 nm diameter each one (Figures 8a -d) . These blocks have the length starting from 10 -15 nm up to 200 nm in several samples and are generally covered by spherical nanoparticles. The nanotubes are perfectly straight (Figures 8a and b) and may be confused with nanolines, typical for bismuth [47] . However, we strongly attribute them to individual single-wall nanotubes, connected each other by van der Waals forces, paying attention to visible connections between neighboring "lines" (a thin clearer space is seen between and along tube walls (Figure 8a ), especially at the end of them, where structural defects appear). Similar results were observed at increase of heating time to 30 min both at 200 °C ( Figure 9 ) and 220 °C (Figure 10 ). In the last case, the formation of almost Y-junction nanotube conglomerates with diameter of 1.1 -1.5 nm each one is seen. The length of such conglomerates can reach 45 -50 nm, for instance as it is shown in Figure 11 . Further increase of heating time to 45 min leads to formation of two types of nanostructures, depending on temperature: spherical nanoparticles are observed in the samples heated at 200 °C and 220 °C (Figure 12 ), as well as multi-wall nanotubes (Figure 13) , observed heating at 220 °C only. The maximum observed diameter of spherical nanoparticles reaches 500 nm. For all studied samples with heating time from 10 to 45 min, bismuth atoms were only observed, without oxygen impurity; so, a complete reduction of bismuth oxide to elemental metal nanostructure takes place ( Figure 14) . The results of the present study are summarized in the Table 6 . Comparing the obtained results with recently reported related investigations, we note that this metal exhibits unusual capacity to form a wide range of nanostructures, in particular nanotubes with different sizes, which are morphologically identical analogues of carbon nanotubes [14, 33] . In particular, it was concluded in the report [14] , dedicated to the stability and electronic properties of Bi nanotubes, that hexagonal prismatic nanotubes of zigzag chirality with radius of 11 -30 Å were found to be the most stable nanostructures. In our present investigation, the microwave-formed Bi nanotubes show lesser radius. In any case, in future investigations it would be very useful to establish a dependence of diameter and length of bismuth nanotubes on synthesis method, as well as to try to obtain nanotubes of other elements, which appear in layered allotropes (P, As, and Sb -see [14] and cited references therein).
. At last, we can affirm that the microwave hydrothermal method is an adequate technique for fabrication of bismuth nanostructures.
Conclusions
Elemental bismuth was obtained in the form of nanoparticles and nanotubes in the conditions of microwave hydrothermal heating. Complete reduction of bismuth oxide to metallic bismuth was observed starting from 10 min of treatment. Agglomerates and blocks of metallic nanotubes were observed at intermediate heating times (15 -30 min) , meanwhile short (10 min) and large (45 min) treatment durations led to spherical and truncated spherical nanoparticles. Additionally, nanotubes were observed at large heating times and higher temperature. Applying the calculations of computational chemistry, existence of bismuth nanotubes is confirmed, having the following characteristics: -
The structures correspond to local energy minimums, which imply their stability. -Up to the (6,6) arrangement, the nanotubes possess semiconductive properties; the conductivity is better for open nanotubes.
